Introduction
Thymidine kinase (TK) is an enzyme of the salvage pathway of nucleotide biosynthesis. There are only a few organisms (yeast being one of them) that do not have at least one enzyme of this specificity. Also most DNA viruses, from bacteriophages to human pathogenic viruses such as herpes and vaccinia, code for TKs [l] . Some of these viral TKs are of special interest; they are useful tools for cell biological research and their structure, especially the difference from that of the cellular enzymes, is of interest. Animal cells have two different TKs, one of which is present in the mitochondria and functions in the supply of pyrimidine phosphates for mitochondrial DNA synthesis. Unfortunately, little is known about this enzyme beyond some enzymic properties. In particular, neither the cDNA nor the gene for mitochondrial T K have been cloned so far from any species. The second TK, which in most cells is the major form of the enzyme, contributes to the supply of thymidine nucleotides for nuclear DNA synthesis. Although this enzyme has often been described as cytoplasmic TK, it was only recently that this localization was finally proven with the help of specific antibodies and tagged protein (L. Orel, H. Sutterluety, S. Bart1 and C. Seiser, personal communication), dismissing an early suggestion that the enzyme is part of a single large complex (the replisome) consisting of enzymes of DNA replication and precursor production [Z] , which of necessity would have to be nuclear. This review will only deal with cytoplasmic TK. The amino acid sequence of this enzyme is known from many mammalian cells and shows considerable similarity among species ( Figure 1) ; this holds Abbreviation used: TK, thymidine kinase. true in certain areas also for the chicken enzyme, which otherwise shows somewhat greater variation. There is identity in domains involved in the binding of nucleotides (ATP), Mg' and thymidine [3] . It is interesting that the C-terminus of T K exhibits the greatest difference among species. This part of the molecule is not required for enzyme activity but plays an important role in the regulation of protein stability (see below).
T h e expression of cytoplasmic T K (sometimes called TK1 to distinguish it from TK2, the mitochondrial enzyme) is highly regulated with respect to growth status and cell cycle [4-61. Enzyme activity is hardly detectable at all in quiescent cells, but increases greatly in late GI and early S phase of growth-stimulated cells. Also in exponentially growing cells the enzyme reaches maximal levels at early S phase, declines in G2 and M phases and exhibits low levels up to late GI phase. Particular interest in T K came from observations that enzyme activity is unusually high in some leukaemias, lymphomas and other tumours [7-91. Whether there is any connection between the high T K activity in these tumour cells and tumour progression is not known. It is also unclear as to what fraction of the higher than normal T K activity is simply due to the more rapid proliferation of tumour cells, leading to a higher subfraction of cells in S phase and thereby to higher levels of T K activity in a population of cells. On the other hand, overall regulation of T K was definitely found to be different in cell lines expressing proteins encoded by DNA tumour viruses, such as adenovirus and the papovavirus group [ 10,111. These viral proteins interfere with the transcriptional regulation of T K (and of other S-phase-specific enzymes) at the GI/S-phase border of the cell cycle (see below). 
In apparent contradistinction to the strong regulation of the expression of the enzyme, which indicates an important role for the protein in S phase, is the fact that several variant cell lines exist that lack the enzyme (TK-cells). These cells grow seemingly undisturbed in culture. How can one reconcile the importance of strong regulation of T K with the lack of any apparent negative effect of a deficiency of the enzyme? Figure 2 ). Some of these (the human and the hamster promoter) carry TATA boxes, but the others are lacking these elements (e.g. [ 15, 161) . All promoters have GC boxes, binding sites for transcription factor Spl. The murine T K promoter furthermore has a genuine binding motif for the cell-cycle-regulated (and regulating) transcription factor E2F, and the other promoters have sequences that more (human) or less (hamster, rat) resemble E2F sites.
Regulation of TK
Interestingly all promoters, except for the murine one, have at least one binding site for a member of a family of transcription factors known as CCAAT-binding factors. In the case of the human promoter, these reversed CCAAT boxes (ATTGG), in particular the distal one, were shown to be important for regulation of gene expression [15, . Of several proteins known to bind to this sequence, a trimeric factor, designated NF-Y, is thought to be involved in transcription of the human T K gene [17-191. Whether this holds true also for the other T K promoters carrying CCAAT boxes and whether and how NF-Y is involved in growth regulation is so far unknown.
More is known about the growth regulation of transcription of the murine T K promoter. Our studies, as well as those of others, highlighted the importance of both the binding site for Spl and that for E2F . We found that mutation of either site abolishes promoter activity and we have provided further evidence for an interaction of Spl with E2F and for co-operative binding of the two proteins to their binding sites within chromatin [24] . The interaction between E2F and Spl requires specific regions of the two proteins, namely a sequence within the N-terminal 122 amino acids of E2F and the C-terminal region of Spl [24] . It is interesting that both E2F
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and Spl are families of proteins consisting of so far five (possibly six) members in the case of E2F and four members in the case of Spl. With regard to EZF, these transcription factors bind to DNA as heterodimers together with a member of a small group of proteins called DP proteins, the most prominent one being DP1 (reviewed in [25] ). Different E2Fs are synthesized and are active at different times in the cell cycle and they appear to be involved in the transcription of different genes. They are themselves regulated by the retinoblastoma protein, pRB, or a related so-called pocket protein, p107 or p130. These pocket proteins bind to particular members of the E2F family and inhibit their activity as transcription factor. Phosphorylation of the pocket protein by specific cyclidcdk pairs interrupts the interaction of the pocket protein with E2F, which leads to activation of the transcription factor [25] . So far it is not known which genes are regulated by which member of the E2F family. In this regard our observation that the sequence required for binding of E2F to Spl is only present in E2F1-3 but not in E2F4 or 5 suggests that murine T K is regulated by E2F1, 2 or 3. These three proteins are known to be under the negative control of pRB and not of p107 or p130, narrowing down the possible candidates for the regulation of murine T K transcription at the GJS-phase transition.
One other aspect is interesting in this context. The transcription of the T K gene is turned off at about mid S phase. In vitro studies on the regulation of E2F1 activity have shown that E2F1 and DP1 are phosphorylated by cyclinAJcdk2, which is active in S phase [26] . 
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- 15 1 GCGGGACGGCCTTGGAGAplus 32 basestoATG GCTCGCACAGCCGCCATG GTTTGCACAGCAGCCATG ATTTACCCCATCGCCATG AGGAGCGGCGCGAACATG leading to a down-regulation of the T K promoter. This model could nicely explain the upand down-regulation of murine TK. DNA tumour virus proteins interfere with the regulation of E2F and thus cause transactivation of the murine T K promoter [22] . As regards the other mammalian T K promoters, their regulation is not well understood. One important question is whether E2F plays any role in these cases.
A final feature of the upstream regions of T K genes deserves to be mentioned: despite the differences in promoter structure mentioned above, they all carry a sequence of 18 bp [ 161 that is highly conserved (with only two changes in the structures known so far). This sequence lies variable distances from the transcription start sites and is not within that part of the promoter that confers growth regulation on a transgene. A search in the database revealed that, at high conservation, this sequence is only present upstream of T K genes. Its function is unknown but may be related to our observation that the upstream region of the murine T K gene carries not only the T K promoter but further upstream therefrom a strong promoter controlling an oppositely oriented gene of unknown function [27] . It is possible that the same gene organization is preserved and that the conserved sequence is involved in the regulation of this unknown gene. Alternatively, it could have a structural role within chromatin and may serve to avoid an effect of transcription factors binding to the divergent promoter on the regulation of TK.
Transcriptional regulation of T K plays a major role when cells are stimulated to grow from the quiescent state. In cycling cells, T K is likewise highly regulated, being low in GI phase, increasing at the G,/S-phase border and reaching a maximum in mid-S phase followed by a decline in G2 or M phase. In this case, transcriptional regulation is less important, and post-transcriptional regulation plays a major role. This is evident from studies on TK-cells transfected with promoter-TKcDNA constructs, which have shown that, despite overexpression of T K mRNA from a strong constitutive or hormonedependent promoter, T K enzyme activity and protein levels are still regulated and very low in arrested cells, although T K mRNA levels are high.
Several mechanisms of post-transcriptional regulation of T K have been found, namely regu- There is ample experimental evidence for the control of translation of T K mRNA and for changes in protein stability with growth status and cell cycle. If quiescent rat cells, transfected with a plasmid carrying the human T K cDNA under the simian virus 40 promoter, are stimulated to grow by addition of serum, a rise in T K mRNA precedes the increase in enzyme activity by several hours [29] . Conversely, using differentiating or arresting cells, it was found that the decline in T K enzyme activity was severalfold faster than the decay of T K mRNA [30] . This was in part due to increased protein turnover and in part to translational repression. It is significant that T K mRNA could be found on polysomes under these conditions. It was also observed that the level of T K mRNA plays a role in post-transcriptional regulation: overexpression of T K mRNA from a strong promoter greatly diminished the fluctuation of T K activity in the cell cycle [31] . This was interpreted to indicate that high amounts of T K mRNA can titrate a factor or factors involved in the control of translation.
Evidence for changes in the stability of T K were first obtained with HeLa cells, where the enzyme was found to have a long half-life in S phase but to be degraded rapidly during and after mitosis [34] . The C-terminus of the protein was found to influence stability. Removal or replacement of amino acids at that part of the protein causes stabilization during M and GI phases of the cell cycle [36] . Extensive studies on the murine enzyme gave very similar results [35] . When the importance of the regulation of translation is compared with that of protein stability, it is clear that the latter process contributes significantly more to post-transcriptional regulation than the former. In accordance with the results on the human enzyme, it was observed that the C-terminal 30 amino acids are not necessary for enzyme activity, but have a great effect on protein stability. This similarity in post-translational T K regulation among different species is of interest because it contrasts with the differences in the mechanisms of transcriptional regulation. Surprisingly, it involves that part of the T K protein that exhibits the greatest variability among enzymes of different origin (Figure 1) . As the chicken enzyme differs significantly in this part of the protein from mammalian enzymes, it Volume 25 would be of interest to see whether the C-terminus also plays a role in determining protein stability in this enzyme. Removal of amino acids from the C-terminus of murine T K not only makes the enzyme stable in arrested cells and in early GI phase leading to high enzyme activity in this part of the growth cycle, but at the same time allows the accumulation of unusually large amounts of active protein in cycling cells without having a significant effect on the growth properties of cells in culture [35] . The mechanisms involved in the regulation of T K stability are not known. In particular, it is unclear at present whether there exists a cell-cycle-specific protease that is responsible for rapid T K breakdown in M, Go and GI phases, or whether post-translational modification, e.g. phosphorylation [37] , changes the susceptibility of T K to a constitutive protease. At any rate, these studies show that neither the absence of T K in TK-variants nor the unregulated overexpression of the enzyme are critical for immortalized cells growing in culture.
Compared with the cellular enzymes, expression of the viral TKs shows little regulation; in particular, there is no dependence of enzyme production on the growth status and cell cycle of the host cells. This is not only manifest in the very different organization of the promoters of viral enzymes, but also in the structure of the protein. Vaccinia TK, for instance, lacks the C-terminal amino acids of the cellular enzymes [38] , which are dispensable for enzyme activity but play a role in post-translational regulation.
What is the biological function of TK?
Whereas it is easy to see a role for viral TKs in the contribution to the supply of precursors for viral DNA synthesis under conditions under which cellular DNA replication does not take place because the infected cells are not in S phase or because cellular DNA synthesis is actively shut off by viral functions, the biological role of cellular T K is less well understood. This is due to the fact that despite the almost ubiquitous presence in cells and strong regulation of T K , immortalized cells growing in culture can do well without the enzyme. Thus variant cell lines exist (in particular from mouse fibroblasts) that are devoid of T K because of a total loss of both copies of the gene or because of mutations involving both alleles. Such cells are widely used in cell biological research, because there exists a well-established system (HAT) for selection of cells expressing T K [39,40], which can be conveniently used for transfection and cotransfection experiments. Apart from the usefulness of TKcells, their existence must mean that T K is not necessary for multiplication of cells in culture. However, it has to be remembered that immortalized cells commonly have chromosomal alterations: they are aneuploid and carry chromosomal rearrangements. These cells are therefore much less sensitive to an increase in mutation rate that was shown to be caused by changes in pools of DNA precursors including those brought about by the loss [41] or overexpression [42] of a functional T K gene. For multicellular organisms the presence of T K must be of importance otherwise it is not obvious why they all have retained the enzyme in the course of evolution. There are several possibilities to explain the difference between cells in culture and those within the organisms with respect to the importance of TK. One simple possibility is that the elimination of the fine tuning of thymidine nucleotide precursor pools in the absence of T K would lead to a high mutation load within the organism causing point mutations but also frequent chromosomal changes and hence high frequency of tumour development. Another possibility concerns the role played by nucleosides and nucleotides in brain development. This is most dramatically exemplified by the effect of the functional elimination of the HPRT gene coding for the enzyme hypoxanthine-guanine phosphoribosyltransferase, which, like TK, is an enzyme of the nucleotide-salvage pathway. Whereas HPRT-cells in culture have no apparent replication defect, the absence of the enzyme in humans leads to one of the most severe hereditary disorders known as Lesch-Nyhan syndrome, which is associated with grave mental retardation and self-destruction. Another example of a hereditary disease associated with enzyme deficiency in nucleoside metabolism is the immunodeficiency associated with the lack of an enzyme (adenosinedeaminase) involved in the degradation of adenosine. Therefore it is not possible to draw conclusions about the function of T K from studies on immortal cells growing in culture; rather, experiments on organisms, in particular a gene knockout experiment in mice, are required to shed more light on the biological role of TK. This would not only allow us to study the effect of the absence of T K on development and on the frequency of tumour formation but would at the same time provide diploid senescing cells lacking T K for relevant studies on normal cells in culture.
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